Introduction
Tildrakizumab (MK-3222) is a high-affinity, humanized IgG1/κ antibody that binds selectively to the unique p19 sub-unit of interleukin-23 (IL-23) and is indicated for the treatment of moderate to severe chronic plaque psoriasis.
Psoriasis patients often have comorbidities [1] and therefore are typically treated with multiple concomitant therapies. The possibility of drug-drug interactions (DDIs) is an important clinical consideration in these patients. Monoclonal antibodies (mAbs) like tildrakizumab are not metabolized by cytochrome P450 (CYP) enzymes, nor do they generally have an off-target direct inductive or inhibitory effect on metabolic enzymes [2] . However, during chronic inflammation, specific pro-inflammatory cytokines (i.e., TNFα, IL-2, IL-1β, IL-6) may suppress the expression of CYP enzymes [3] [4] [5] [6] [7] [8] .
Treatment with an anti-inflammatory agent may directly or indirectly reduce the level of inflammatory cytokines, increasing CYP enzyme expression and metabolism, which could potentially alter exposure to co-administered drugs that are metabolized by CYP enzymes. Clinically significant DDIs through the anti-inflammatory effects of antiinflammatory mAbs have been reported in patients with rheumatoid arthritis [4] . Furthermore, increased inflammation associated with acute or chronic illness has been associated with increased exposure and/or reduced clearance of drugs [9] [10] [11] . There are also robust data demonstrating that the administration of cytokines or cytokine modulators can affect CYP expression and/or drug interactions [12] [13] [14] [15] [16] [17] . These data clearly demonstrate that modulation of systemic inflammation has the potential to significantly affect CYP metabolism.
While modulation of cytokines in severe psoriasis has been observed [18] , to our knowledge, DDIs as a result of treatment with immunomodulators in psoriasis have not been reported in the literature. Initially, a preclinical assessment of the potential for an interaction was undertaken. The in vitro effect of IL-23 on human hepatocytes was examined in the presence and absence of Kupffer cells (specialized macrophages located in the liver). Exposure of hepatocyte: Kupffer cell co-cultures to IL-23 resulted in minimal inflammatory cytokine release which was similar to that of untreated controls and also minimal suppression of CYP3A4 activity, suggesting the lack of effect of IL-23 on hepatocytes [19] . While in vitro studies were performed, they were generally considered to have limited value because of the difficulty in making quantitative projections of clinical effects [20] . Thus, the present clinical trial was driven by the paucity of data surrounding immunomodulator therapy and CYP metabolism in the psoriasis population and the limited translatability of preclinical evaluations to the clinic. This trial determined the effect of tildrakizumab on CYP metabolism and explored the drug's effects on cytokines associated with systemic inflammation in patients with psoriasis.
Methods

Subjects
Male and female subjects aged between 18 and 65 with a diagnosis of moderate to severe psoriasis vulgaris (affected body surface area (BSA) ≥10%, Psoriasis Area Severity Index (PASI) score ≥12) for at least 6 months and a body mass index (BMI) ≤32 kg m À2 were eligible for enrolment. Major exclusion criteria included a history of clinically significant diseases or abnormalities (including hepatitis B, hepatitis C, and HIV), an INR of >1.2, use of a systemic immunosuppressive agent or other systemic agents to treat psoriasis (prednisone, PUVA, phototherapy) within 4 weeks of treatment, receipt of topical treatment for psoriasis within 2 weeks of treatment, receipt of a live vaccine (s) within 1 month of treatment, or any contraindication to receiving the drugs included in the probe cocktail. During the trial, subjects were to refrain from use of drugs known to be CYP inhibitors or inducers or from systemic or topical psoriasis therapy.
Trial design
The study design is summarized in Figure 1 . This was a fixed-sequence, two-period, parallel-group, two-site, open-label, multiple-dose trial of tildrakizumab in subjects with moderate to severe psoriasis. Twenty subjects were enrolled. All subjects were to receive a single oral dose of up to five CYP probe substrates (commercial sources of CYP probe substrates are provided in the Supporting Information Data S1) as a cocktail (S-warfarin 10 mg (CYP2C9 probe) [21] + vitamin K 10 mg, midazolam 2 mg (CYP3A4 probe) [22] , dextromethorphan 30 mg (CYP2D6 probe) [23] , omeprazole 40 mg (CYP2C19 probe) [24] , and caffeine 200 mg (CYP1A2 probe) [24] ) on Day 1 of Period 1. Subjects participating at the Moldova trial site received all five CYP probe substrates. Subjects participating at the Georgia trial site (n = 4) were only administered CYP probes that could be sourced locally within Georgia (omeprazole, caffeine, warfarin + vitamin K). Vitamin K was included in the cocktail as a precaution to offset any potential anticoagulant effects of warfarin. There was at least a 7-day washout between Period 1 and Period 2.
On Day 1 and Day 29 of Period 2, subjects were administered tildrakizumab 200 mg subcutaneously (SC). On Day 57 of Period 2, all subjects received a single dose of the probe cocktail. Blood samples to evaluate the pharmacokinetics (PK) of the probe substrates were collected on Day 1 of Period 1 and Day 57 of Period 2 following administration of the probe cocktail. Blood samples were collected before dosing, and at 0.5, 1, 2, 3, 4, 6, 8, 12 and 24 h after dosing for caffeine and paraxanthine; 3, 6, 12, 24, 48, 72 and 96 h after dosing for S-warfarin and 7-hydroxywarfarin; 0.5, 1, 1.5, 2, 2.5, 3, 4, 6 and 8 h after dosing for omeprazole and 5-hydroxyomperazole; 1, 2, 3, 4, 6, 8, 12, 24, 48 and 72 h after dosing for dextromethorphan and dextrorphan; and 0.25, 0.5, 1, 1.5, 2, 3, 4, 5, 6 and 9 h after dosing for midazolam and 1-hydroxymidazolam. Blood samples for measurement of serum concentrations of high-sensitivity C-reactive protein (hs-CRP) and interleukin-6 (IL-6) were obtained prior to the administration of the CYP probes on Day 1 of Period 1 and Day 57 of Period 2. In each treatment period, subjects fasted from all food and drink except water for at least 8 h prior to dosing of the probe cocktail (there were no meal/drink restrictions regarding dosing of tildrakizumab) and 4 h post dose. Subjects received the probe cocktail with 480 ml of water (240 ml for midazolam, which was administered 3 h prior to the other probes, and 240 ml for the remaining cocktail), with water restricted 1 h prior to and 1 h after probe cocktail administration. Due to potential interference of food content in the DDI assessment, the following foods were prohibited for 1 week prior to receiving the probe cocktail in each period through to the last PK sample of the probe cocktail in each period: vegetables from the mustard green family (which contain high levels of glucosinolates, which are known to induce a number of CYP isozymes, including CYP1A1 and CYP1A2 [25] ) and charbroiled meats (which contain high levels of polycyclic aromatic hydrocarbons, which are known to induce CYP1A2 [26] ). Additionally, caffeine/caffeinated beverages and theobromine-containing products were not to have been consumed from 48 h before through to completion of probe (only) PK sampling in each period due to potential contamination with the dosed caffeine probe in the bioanalytical assay.
Pharmacokinetic assessments
Serum concentrations of probe substrates and key metabolites were assessed by validated assays incorporating extraction followed by detection via liquid chromatography or high performance liquid chromatography (HPLC) separation and mass spectrometry (MS)/MS detection. Plasma concentrations of omeprazole, 5-hydroxyomeprazole, S-warfarin, 7-hydroxywarfarin, caffeine and paraxanthine were determined by PPD (Middleton, WI). Plasma concentrations of midazolam, 1-hydroxymidazolam, dextromethorphan and dextrorphan were determined by Inventiv Health Clinique Inc. (Quebec, Canada).
Pharmacokinetic parameter values were calculated using Phoenix WinNonlin (Version 6.3) (Cetera, Princeton, NJ, USA). Pharmacokinetic variables of interest include: area under the concentration-time curve from time zero to infinity (AUC 0-∞ ), maximum concentration (C max ), time to maximum concentration (T max ) and apparent terminal half-life (t 1/2 ).
For all probe substrates, with the exception of omeprazole, parent drug AUC 0-∞ was the primary endpoint [18, [21] [22] [23] [24] . For omeprazole, the 5-hydroxyomeprazole AUC 0-∞ , to omeprazole AUC 0-∞ , ratio was the primary endpoint [24] . As a secondary endpoint, the metabolite to parent AUC 0-∞ geometric mean ratio (GMR) for each of the CYP substrate probes was estimated. These metabolite to parent endpoints provide an additional measure of any change in CYP Figure 1 Study design activity [23, 24] . The secondary endpoint for the CYP2C19 probe was the AUC 0-∞ GMR (omeprazole after treatment with tildrakizumab/omeprazole prior to tildrakizumab treatment).
Pharmacodynamic assessments
Pharmacodynamic endpoints included PASI assessments [27] and serum concentrations of hs-CRP and IL-6. Plasma levels of hs-CRP were assayed using a high sensitivity latex turbidimetric immunoassay (LLOQ = 0. 1 
Genotyping assessments
One blood sample for determination of the subject's CYP genotype (CYP2C9, CYP2C19 and CYP2D6) was collected on Day 1, Period 1. DNA was extracted and clinically validated assays were used to identify carriers of the following alleles: CYP2C19, *2, *3, *4, *5, *6, *8, and *17; CYP2C9 *2, *3; and CYP2D6 *2 *3 *4 *5 *6 *7 *8 *9 *10 *11, *12, *14, *15, *17, *41, *1XN, *2XN, *4XN, *10XN, *17XN, and *41XN at Labcorp (Research Triangle Park, NC, USA). If the previously mentioned alleles were not detected, it was assumed that the allele was *1. Any subject having two of the following alleles was considered a poor metabolizer for the given cytochrome P450: CYP2C9 *2 and *3; CYP2C19 *2-*8; CYP2D6 *3, *4, *5, *6, *7, *8 *11, *15, *4XN. Poor metabolizer status was used to exclude subjects from some analyses, as described below in the statistical analysis section.
Safety assessments
The safety and tolerability of tildrakizumab were assessed throughout the trial by repeated clinical evaluations, including vital signs, physical examinations, 12-lead ECGs and standard laboratory safety tests (haematology, chemistry and urinalysis). Subjects were also monitored for adverse events (AEs) throughout the trial.
Statistical analysis
Individual AUC 0-∞ values were natural log-transformed and analysed with a linear mixed effect model with fixed effect term for treatment. An unstructured covariance matrix was used to allow for unequal treatment variances and to model the correlation between the two treatment measurements within each subject via the REPEATED statement in SAS PROC MIXED. Kenward and Roger's method was used to calculate the denominator degrees of freedom for the fixed effects (DDFM = KR). A 90% confidence interval (CI) was constructed for the difference in least squares (LS) means on the log scale for AUC 0-∞ . These confidence limits were then exponentiated to obtain a CI for the true AUC 0-∞ GMR (probe analyte + tildrakizumab/probe analyte). LS geometric means and 95% CIs were also obtained for each treatment. AUC 0-∞ and C max of each of the following probe analytes, omeprazole, 1-hydroxymidazolam/midazolam ratio, 7-hydroxywarfarin/S-warfarin ratio, dextrorphan/ dextromethorphan ratio and paraxanthine/caffeine ratio, were analysed using the model described above.
For each independent probe substrate, the primary statistical analysis excluded subjects who were phenotypically defined as CYP2C9, CYP2D6 or CYP2C19 poor metabolizers as determined by genotype. One subject was defined as a CYP2D6 poor metabolizer and was excluded from the statistical analysis related to the probe substrate dextromethorphan and its metabolite. Similarly, a CYP2C9 poor metabolizer was excluded from the statistical analysis related to the probe substrate, S-warfarin and its metabolite.
A sample size of 16 (α = 0.05) provided a 99% probability that the 90% confidence interval (CI) of the true GMR (probe with tildrakizumab/probe) will be contained in the interval [0.5, 2.0]. Probe AUC 0-∞ changes of this magnitude would likely be considered clinically significant. As the study duration was long, additional subjects were enrolled to ensure adequate power in the event of subject discontinuations.
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY [28] , and are permanently archived in the Concise Guide to PHARMA-COLOGY 2017/18 [29] .
Results
A total of 20 subjects enrolled in this trial, of which three discontinued (one due to an adverse event [see Safety section below for further details on this subject] and two due to withdrawal of consent). The demographics and baseline characteristics of the 20 enrolled subjects are summarized in Table 1 . Table 1 Demographics and baseline disease characteristics Pharmacogenetics A total of 20 subjects were genotyped and the results are shown in Table 2 . Data for three subjects and their CYP2D6 genotype were not obtained. While the number of subjects genotyped is small, the frequency of the observed alleles/haplotypes is generally consistent with that expected in a primarily white, Caucasian population. Based on the assumptions that, *1 genotype/haplotype is a functional allele, and that where CYP2D6 genotypes were not obtained (three subjects) that these subjects were not CYP2D6 poor metabolizers, two poor metabolizers were predicted based on their respective genotypes and the algorithm used for classification; one CYP2D6 and one CYP2C9.
Pharmacokinetics
Overall, treatment with two doses of tildrakizumab 200 mg SC did not have a clinically meaningful effect on the AUC 0-∞ or C max of any of the CYP probe substrates tested (Table 3 ; Figure 2 ). These results are consistent with the GMR results for the metabolite to parent AUC 0-∞ and C max (Table 4) .
Pharmacodynamics
Following treatment with two doses of tildrakizumab 200 mg SC, median PASI decreased markedly from 16.6 on Day 1 to 1.20 on Day 57, representing a~93% change from baseline ( Table 5 ). The majority of the baseline hs-CRP and IL-6 values were within the normal range (Table 5) . Three subjects had IL-6 concentrations that were just below the lower normal limit of 0.5 pg ml À1 at screening and were subsequently within the normal range following treatment with tildrakizumab. While results were variable, the majority of subjects had a decrease in IL-6 concentrations following treatment with tildrakizumab with a median (range) percentage change of À20.50 (À89.88, 164.39).
With regard to hs-CRP, four subjects had hs-CRP values that were above the normal range at screening and were subsequently within the normal range post-treatment with tildrakizumab. Eleven subjects had hs-CRP values that were within the normal range at screening and were above the normal range following treatment with tildrakizumab. The majority of subjects had an increase in hs-CRP following treatment with tildrakizumab, with a median (range) percentage change from baseline of 68.42 (À85.31, 296.88).
Safety
Fourteen of the 20 subjects (70.0%) reported a total of 30 AEs, nine of which were considered by the investigator to be related to tildrakizumab. The majority of AEs were mild in severity.
One subject was discontinued due to a serious AE of infected dermal cyst, which required surgical drainage and was considered by the investigator to be related to tildrakizumab. Following drainage of the cyst and treatment with antibiotics, the wound healed completely.
The most common AE reported was hyperglycaemia (six subjects); however, none of these AEs was considered related to treatment. The majority of the enrolled subjects were overweight or obese and had hyperglycaemia documented at screening and/or prior to tildrakizumab treatment. Though there were instances of increases in AST, ALT, and bilirubin that were considered AEs, these changes were generally mild and transient.
Discussion
Tildrakizumab is an IL-23p19 monoclonal antibody indicated for the treatment of chronic plaque psoriasis. Tildrakizumab was demonstrated to improve significantly the signs and symptoms of psoriasis and was generally well tolerated [30] . This trial was conducted to assess the potential effect of tildrakizumab on CYP metabolism through modulation of inflammation. Biologics such as tildrakizumab do not undergo disposition pathways relevant to small molecules. The lack of overlapping pathways is expected to limit the potential for PK-based DDIs between these therapeutics. However, increased inflammation has been associated with increased exposure and/or reduced clearance of drugs [9] [10] [11] . Literature demonstrate that the administration of cytokines or cytokine modulators affects CYP expression and/or drug interactions [3-8, 12-17, 31] . These data clearly demonstrate that modulation of systemic inflammation has the potential to significantly affect CYP metabolism [3] [4] [5] [6] [7] [8] . As previously mentioned, while modulation of cytokines in severe psoriasis has been observed [18] , to our knowledge, DDIs as a result of treatment with immunomodulators in psoriasis have not been reported in the literature.
A preclinical evaluation was also considered when evaluating the potential for tildrakizumab to modulate CYP expression. A co-culture model of hepatocytes and Kupffer cells was designed to assess a potential indirect cytokine impact on hepatocytes through stimulation of Kupffer cellmediated cytokine release. Exposure of hepatocyte:Kupffer cell co-cultures to IL-23 resulted in inflammatory cytokine (IL-8, TNF-α and INF-γ) levels that were similar to those of untreated controls and only minimal suppression of CYP3A4 activity, suggesting the lack of effect of IL-23 on hepatocytes [19] . The lack of effect of IL-23 may be attributed to the absence of, or less than detectable, mRNA expression of IL-23R in the hepatocyte-Kupffer cell co-cultures as measured by RT-PCR, thereby limiting IL-23 from directly interacting with these cells [19] . Independent studies have also observed that IL-23 and IL-12 do not alter expression or activity of multiple P450 enzymes (CYP2B6, CYP2C9, CYP2C19 and CYP3A4) in human hepatocytes [32] . As IL-23 does not appear to affect hepatic P450 expression, clinical drug-drug interactions through P450 pathways are unlikely; however, in vitro or animal studies may have limited value in prediction of clinical effects [20] .
Thus, this trial evaluated the potential for tildrakizumab, as an immunomodulator, to perpetrate drug-drug interactions in subjects with moderate to severe psoriasis. A wellestablished, validated approach known as the Cooperstown 5 + 1 cocktail was used to evaluate simultaneously the potential for several CYP-based drug interactions [33] . The dose and dose regimen of the orally administered CYP probe substrates (caffeine 200 mg, of warfarin 10 mg + vitamin K oral 10 mg, omeprazole 40 mg, dextromethorphan oral 30 mg, and midazolam 2 mg) are supported by published cocktail studies [22, 24, [33] [34] [35] [36] [37] [38] [39] .
The results of this trial demonstrated that tildrakizumab did not have a clinically meaningful effect on the metabolism of any of the CYP probe substrates evaluated. The AUC 0-∞ GMR (probe + tildrakizumab/tildrakizumab alone) and 90% CIs for midazolam, dextromethorphan, caffeine, S-warfarin and 5-hydroxyomeprazole/omeprazole were not meaningfully altered with mean changes ranging from a 4% decrease to 20% increase. Further, the results for parent drug were consistent with GMRs for the metabolite to parent AUC 0-∞ . These results suggest a very low potential for an interaction between tildrakizumab and commonly coadministered drugs in the psoriasis population and across therapeutic classes that are metabolized by any of the major CYP isoenzymes including CYP1A2, CYP2C9, CYP2C19, CYP2D6 and CYP3A4. Increases in inflammation have also been shown to decrease expression of transporters [5, 40, 41] , hence theoretically the risk of transporter-mediated DDIs is possible. However, given the lower systemic levels of inflammatory cytokines observed in the psoriasis population (as opposed to other autoimmune diseases such as rheumatoid arthritis), the potential for a change in transporter expression following treatment with tildrakizumab in this population is unlikely.
To ensure that the potential for tildrakizumab to perpetrate a disease-drug interaction was adequately tested, a substantial effect of tildrakizumab on PASI was anticipated. For example, in the Phase 1 study in patients with moderate to Effect of tildrakizumab on CYP in psoriasis severe psoriasis given tildrakizumab IV, results showed that at the 3 mg kg À1 (n = 15) and 10 mg kg À1 (n = 14) doses, the placebo-corrected mean (90% confidence interval [CI]) percentage change from baseline in PASI score was À56.2 (À71.3, À41.0) and À69.1 (À84.5, À53.6) on Day 56, following tildrakizumab administration on Days 1 and 28 (data on file). Though these were not the maximal efficacy effects observed during the study, based on the expected time-lag for suppression of inflammation and clearing of the skin (i.e., normalized keratinocytes require 28 days to migrate from basal layer to cornified layer of the epidermis), these data would suggest a significant reduction of inflammation at this time point. Therefore, any effect of treatment of inflammation on expression of CYP enzymes would be expected to be evident by Day 57 of Period 2 [30] . To confirm anti-IL-23 activity, PASI response was evaluated at Day 57, in addition to the evaluation of post-treatment CYP metabolism activity. All subjects with pre-and post-treatment PASI data demonstrated a marked decrease in PASI score. The median percentage decrease in PASI score from baseline was approximately 92%, indicating that the evaluation of CYP metabolism was conducted under conditions of meaningful anti-IL-23 activity.
The lack of a disease-drug interaction in this study is in contrast to what has been observed in a disease-drug interaction study with tocilizumab, an mAb to IL-6R, in subjects with rheumatoid arthritis [4] . In the tocilizumab study, the exposure of the CYP3A4 substrate simvastatin, was reduced by approximately 57% following treatment with tocilizumab, which was likely the result of decreased systemic inflammation and increased CYP3A4 expression and metabolism. The difference between the trials may be due to the magnitude of systemic inflammation in rheumatoid arthritis as compared to psoriasis. In the tocilizumab study, the mean baseline IL-6 and hs-CRP concentrations were approximately 50 pg ml À1 and 40 to 50 mg l À1 , respectively.
Conversely, in the present study, the mean baseline IL-6 and hs-CRP concentrations were approximately 2.6 pg ml À1 and 4.36 mg l À1 , respectively. Data reported for IL-6 serum concentrations in patients with psoriasis are variable [42] . The relative lack of abnormally high IL-6 baseline values observed in the present trial are consistent with a meta-analysis of 78 studies [18] evaluating markers of systemic inflammation in psoriasis, which demonstrated significant, but only modest, increases in inflammatory parameters such as IL-6 when compared to healthy subjects. The meta-analysis reported a standard mean difference (95% CI) of 1.32 (0.83, 1.81) for IL-6 [18] . The baseline hs-CRP concentrations observed in the present study were consistent with those observed for hs-CRP and CRP in other psoriasis studies [43, 44] . Furthermore, the trend towards an increase in hs-CRP was modest and may have been associated with variability and is not likely of clinical relevance. As the sample size of this study was driven by the evaluation of clinically relevant changes in PK endpoints, a limitation of this study is that it was likely too small to detect small or modest changes in markers of systemic inflammation as a result of variability in these parameters and the magnitude of the increase observed in the psoriasis population [18] . However, these data suggest that CYP metabolism may not be as dramatically modulated by inflammation in psoriasis when compared to a disease such as rheumatoid arthritis, which is associated with marked elevations in markers [45] . However, one subject receiving guselkumab was determined to have an approximately three-fold change in the substrate for CYP2D6 (dextromethorphan); these data have yet to be published and therefore cannot be discussed further. The present study had the limitation of small sample size, which only allowed for the detection of larger changes that would likely be considered clinically relevant if tildrakizumab was coadministered with drugs metabolized by the CYP enzymes evaluated in the current study (i.e., 50% reduction or two-fold increase in exposure of the CYP probes evaluated).
In conclusion, for subjects in this trial with moderate to severe psoriasis, treatment with the IL-23 inhibitor tildrakizumab resulted in a clinically meaningful reduction in median PASI scores (~93% median decrease compared to baseline), but did not have a clinically meaningful effect on the metabolism of the CYP probe substrates tested. The potential for clinically meaningful DDIs with tildrakizumab in psoriasis patients appears to be low. The difference in the occurrence of disease-drug interactions seen with antiinflammatory agents in rheumatoid arthritis patients compared with psoriasis patients may be due to the much greater extent of systemic inflammation in rheumatoid arthritis as compared to psoriasis. PASI, Psoriasis Area Severity Index; IL-6, interleukin-6; hs-CRP, high-sensitivity C-reactive protein
